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Abstract  This work presents a novel compact and 
broadband electronically controllable substrate integrated 
waveguide (SIW) phase shifter intended for beamsteering 
applications in antenna arrays for 5G wireless communication. 
The proposed phase shifter is designed to operate over a large 
bandwidth (26 GHz  32 GHz) with a simulated maximum 
insertion loss of less than 3 dB and a maximum phase difference 
of more than 1000+50 over the entire band. The phase shift is 
provided via metal posts which are switched between capacitive 
and inductive loading through beam-lead PIN diodes. 
Index Terms Phase shifter, SIW, millimeter wave, antenna 
arrays, antennas, 5G. 
I.  INTRODUCTION  
Phase shifters, which are circuits that change the phase of 
a signal with minimum insertion loss, are fundamental to the 
operation of electronically steerable phased array antennas at 
microwave and millimeter-wave frequencies [1]. At the same 
time, components and devices implemented in Substrate 
Integrated Waveguide (SIW) technology are emerging as a 
promising candidate for high Q-factor circuits and low loss 
antenna feeding networks, due to the reduced amount of 
conduction loss [2]. SIW phase shifters are widely used 
because of their low profile, high Q-factor, low-cost 
fabrication and straightforward integration with other circuits 
[3]. Conventionally, these circuits use fixed metal posts to 
perturb the propagating electromagnetic field in order to 
provide a fixed value of phase shift between their input and 
output [4-7].   
However, there are only a handful of reports on 
electronically controllable SIW phase shifters. A circuit using 
a design approach similar to the one reported in this work has 
previously been demonstrated over the X-band frequency 
range [8], achieving a maximum phase difference of 450 using 
4 PIN diodes; however the diodes used were housed in large 
ceramic packages, which in turn imposed a limit on the 
minimum size, and hence maximum frequency, of the SIW 
circuit. In another research work, a phase shifter implemented 
in a multilayer SIW technology was presented, which utilised 
aperture coupling slots alongside PIN diodes for electronic 
control [9]. The circuit provided a 900 phase shift with an 
operational bandwidth of 4 GHz by using 10 PIN diodes. 
Nevertheless, the complicated multilayer SIW structure 
resulted in complex fabrication requirements. Realising an 
electronically controlled SIW phase shifter with a wide 
operating bandwidth and low insertion loss has remained a 
challenging task for the research community [10]. 
In this work a concept for a novel compact and broadband 
electronically tunable SIW phase shifter is developed, 
designed and presented. The phase shifter consists of a simple 
single layer SIW structure, with different values of phase shift 
obtained through the use of a combination of PIN diodes and 
reconfigurable conductive posts. The proposed phase shifter 
has an operational bandwidth of 6 GHz (26 GHz  32 GHz), 
covering the main 5G candidate frequency bands, and has an 
excellent insertion loss performance of less than 3 dB at the 
centre frequency. 
The rest of the paper is organised as follows: Section II 
includes the design and modeling of the SIW phase shifter, 
while simulated results and analysis are presented in Section 
III. Measurement results of prototype circuits are discussed in 
Section IV. Finally, Section V summarises the findings and 
presents directions for future work. 
II. DESIGN OF THE SIW PHASE SHIFTER  
A. Initial Design and Operating Principle 
There are several different ways to implement a phase 
shifter circuit using SIW technology. The simplest way is by 
adjusting the length of the SIW to provide a phase shift 
relative to another transmission line. Another approach to 
introduce a fixed amount of phase shift in an SIW circuit is to 
insert vertical metal posts at carefully selected positions inside 
the waveguide channel [11].  
This work proposes a novel electronically controllable 
SIW phase shifter, using either 2 or 4 metal posts that can be 
switched between providing an inductive or capacitive 
loading of the SIW transmission line. The switching is 
provided by PIN diodes, and illustrations of the proposed 
circuits are shown in Fig. 1 and Fig. 2, respectively. The 
relevant dimensions of the phase shifter circuits are Lf, length 
of the microstrip feed line, L1 and L2, length of SIW line for 
a phase shifter with 2 and 4 PIN diodes respectively, and W, 
width of the SIW transmission line. Furthermore, x and y 
denote the offset of the centre of the switched metal posts from 
the geometric centre of the SIW transmission line. 
The first step of the phase shifter design is to ensure single 
mode propagation over the frequency band of interest, i.e. 26 
GHz  32 GHz. The initial dimensions of the SIW line were 
calculated using the relations provided in [12] for an 
RT/Duroid 5880 substrate with εr = 2.2 and thickness  
H = 0.787 mm. These were subsequently optimized in the 
commercial 3D FEM software HFSS, and the final SIW 
dimensions are listed in Table I.  
For the final structure, the TE10 cutoff frequency is 
calculated using Equation (1) to be 22.5 GHz, while the TE20 
cutoff frequency is 45 GHz, fulfilling the criteria for single 
mode propagation. 
TABLE I: PARAMETER VALUES OF THE SIW PHASE SHIFTERS 
Parameter Value Parameter Value 
L1 6.00 mm x 1.50 mm 
L2 8.00 mm y 1.50 mm 
W 5.50 mm d 0.50 mm 
Lf 4.55 mm p 0.80 mm 
 
௠݂௡ ൌ ܿʹߨξߤ௥߳௥ ඨቆ ݉ߨݓ௘௙௙ቇଶ ൅ ቆ ݊ߨ݈௘௙௙ቇଶ   (1) 
 
It should be noted that the diameter of the metallised via holes 
and the distance between them should satisfy the following 
conditions, which may pose fabrication challenges at 
millimeter-wave frequencies: 
 ݀ ൏ ߣ௚ͷ  ݌ ൏ ʹ݀    (2)  
where ݀ is the diameter of the via holes, ݌ is the distance 
between two adjacent ones, and λg is the wavelength inside the 
dielectric medium. 
 The next step is to introduce the metal posts, each offset at 
a distance y from the center of the SIW width and a distance x 
from the center of the SIW length, which are used to achieve 
the required phase shift. There is an annular ring gap between 
the metal posts and the top metal wall of the SIW line, where 
the switching PIN diodes are mounted. The metal posts are 
then switched between providing capacitive loading (PIN 
diode off, or state 0) and inductive loading (PIN diode on, or 
state 1) of the SIW transmission line, thereby resulting in a 
phase difference between the different states of the diodes.  
 Simulations have been carried out for different values of 
the x and y offsets to explore the range of obtainable phase 
difference as well as their effect on the insertion loss. It was 
found that moving the posts closer to the center line of the 
SIW increases the phase difference, as does moving them 
closer to the edges of the SIW line. 
 
 
Figure 1 SIW phase shifter with 2 reconfigurable metal posts. 
 
Figure 2 SIW phase shifter with 4 reconfigurable metal posts. 
 
B. PIN Diodes 
A DSG9500-000 planar beam-lead PIN diode was used to 
provide switching capability. The equivalent circuit of the 
diode and its physical dimensions are shown in Fig. 3, while 
the parameters used in the simulation model are summarised 
in Table II. 
 
 
Figure 3 Physical dimensions (a) and equivalent circuit of the  
DSG9500 PIN diode in forward (ON) (b) and reverse (OFF) (c) bias 
condition.  
TABLE II: PARAMETER VALUES OF THE PIN DIODE 
Parameter Value  Parameter Value 
L 0.5 nH CT 0.025 pF 
RS 4  RP 10 k 
 
III. SIMULATION RESULTS & ANALYSIS 
The first step of the analysis of this new SIW phase shifter 
was to conduct a parameter study in HFSS on the effect and 
sensitivity of the provided phase difference and insertion loss 
versus the position and diameter of the metal posts. Practical 
fabrication considerations, such as available drill sizes and 
minimum gap width were used when choosing the range of 
values for the different parameters. 
The simulated phase difference over the frequency range 
of interest, 26 GHz  32 GHz, provided by an SIW phase 
shifter with 2 metal posts is presented in Fig. 4 for the 4 
different states of the circuit. The phase shift obtained is 
320+50, 520+80 and 850+100 for the 10, 01 and 11 states, 
relative to the 00 state. These values can be increased or 
decreased by adjusting the positions of the metal posts. 
It was found that moving the two posts closer to the center 
of the SIW increases the phase shift due to the increased 
perturbation of the E-field. The results from a parametric 
analysis of the effect of the y and x position of the metal posts 
on the provided phase difference is presented in Fig. 5 and 
Fig. 6, respectively. It should be noted that the proposed 
circuit is capable of providing more than 900 phase shift while 
only requiring 2 PIN diodes. However, this increase in phase 
shift provided is at the expense of increased insertion loss. 
The overall phase shift can also be increased by connecting 
two or more of these circuits in a cascade fashion. 
The simulated S-parameters of the SIW phase shifter with 
2 metal posts are shown in Fig. 7 and Fig. 8. The circuits 
exhibit a return loss of more than 7 dB and an insertion loss 
of less than 3.5 dB from 26 GHz to 32 GHz. Both of these are 
for a circuit with y = 1.5 mm and x = 1.5 mm, and metal post 
diameter d = 0.5 mm. 
 
 
Figure 4 Phase difference obtained with 2 metal posts. 
 
 
Figure 5 Phase response of SIW phase shifter with 2 metal posts for 
different values of y. Difference shown between the 00 and 11 states. 
 
Figure 6 Phase response of SIW phase shifter with 2 metal posts for 
different values of x. Difference shown between the 00 and 11 states. 
 
  
Figure 7 Simulated return loss for SIW phase shifter with 2 metal posts. 
 
  
Figure 8 Simulated insertion loss of SIW phase shifter with 2 metal posts. 
 
The simulated phase difference provided by an SIW phase 
shifter with 4 metal posts is given in Fig. 9. The largest phase 
shift obtained is approximately 1000+50 in the  
26 GHz  32 GHz range, when all 4 PIN Diodes are switched 
to their ON state. As can be seen in Fig. 9, for certain bit 
combinations the values of phase difference are similar, 
which is due to the symmetric structure of the circuit. 
Simulated S-parameters for this SIW phase shifter with 4 
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metal posts, for different states of the PIN diodes, are shown 
in Fig. 10. It is evident that the insertion loss is less than 3.5 
dB from 26 GHz to 32 GHz. 
The presented results for a 4 post phase shifter are for a 
variant with the same values for y and x as the 2 post one. 
Increasing the number of metal posts, while keeping the other 
parameters the same, has the effect of increasing the 
maximum phase difference obtainable, while having a 
negligible impact on the insertion and return loss 
performance. 
 
 
Figure 9 Phase difference obtained with a phase shifter with 4 metal posts. 
 
Figure 10 Simulated insertion loss of SIW phase shifter with 4 metal posts. 
 
IV. MEASURED RESULTS & FABRICATION 
To quickly validate the proposed approach, circuits in 
which the PIN diodes are selectively replaced with copper 
strips were fabricated on a 0.787 mm thick RT/Duroid 5880, 
using the in-house circuit fabrication facility at the University 
of Leeds. The circuits fabricated correspond to the 4 different 
configurations (00, 01, 10, 11) of a 2-bit SIW phase shifter as 
well as selected configurations (0000, 0001, 0011, 1000, 
1100, 0110, 1001, 1111) of a 4-bit SIW phase shifter. 
Photographs of these circuits, together with the measurement 
setup, are shown in Fig. 11 a), b) and c), respectively. 
Precision field-replaceable 2.4 mm Southwest Microwave 
connectors were used to connect the circuits to the coaxial-
based measurement equipment. 
The circuits were measured using a Keysight PNA-X 
N5247A with a full 2-port SOLT calibration, over the 
frequency range of interest, i.e. 26 GHz  32 GHz, with 601 
frequency points. 
A comparison between the measured and simulated phase 
difference are presented in Fig. 12 and Fig 13 for the 2-bit 
and 4-bit SIW phase shifter respectively. Overall, there is 
good agreement between simulated and measured results. 
The differences are considered due to the effect of the 2.4 mm 
connectors, which were not de-embedded as rapid validation 
was deemed a priority; as well as errors from fabrication 
tolerances.  
A similar comparison for the insertion loss of the proposed 
circuits are given in Fig. 14 and Fig. 15, where similar 
observations can be made. There is a qualitative agreement 
between measurements and simulations, with the difference 
attributed to the coaxial to microstrip transition. 
 
 
Figure 11 Fabricated prototypes (a) 2-bit SIW phase shifters (b) 4-bit SIW 
phase shifters and (c) Measurement setup. 
 
 
Figure 12 Simulated and measured phase difference of a  
2-bit SIW phase shifter.  
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Figure 13 Simulated and measured phase difference of a  
4-bit SIW phase shifter. 
 
 
Figure 14 Simulated and measured insertion loss of 2-bit SIW phase shifter 
 
 
Figure 15 Simulated and measured insertion loss of 4-bit SIW phase shifter 
 
V. CONCLUSION 
In this paper a novel approach to the design and 
implementation of a broadband SIW phase shifter using 
reconfigurable metal posts has been presented. To 
demonstrate the proposed concept, a phase shifter operating 
over the main 5G candidate frequency bands  
(26 GHz  32 GHz) has been designed and optimized using 
ANSYS HFSS. The proposed SIW phase shifter is compact, 
broadband, and easy to fabricate and integrate with other 
planar circuits. Measurement results from fabricated 
prototypes show good agreement with simulation results, 
confirming that the proposed phase shifter is an attractive 
candidate for use in beamforming and beam steering modules 
in phased array antennas for 5G communication. 
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